Introduction
[2] Many studies of iron in the North Pacific Ocean show vertical distributions of iron concentrations that have nutrientlike profiles, characterized by surface depletion due to biological uptake and mid-depth maxima due to remineralization of iron-rich biological matter [Martin et al., 1989; Bruland et al., 1994; Nakabayashi et al., 2001; Nishioka et al., 2003 Nishioka et al., , 2007 . However, several recent studies of iron distributions revealed that dissolved iron (D-Fe) concentrations in deep waters of the western North Pacific [Nakabayashi et al., 2001; Takata et al., 2006; Nishioka et al., 2003 Nishioka et al., , 2007 Kitayama et al., 2009] are approximately double those in the eastern and central North Pacific [Martin et al., 1989; Bruland et al., 1994; Nishioka et al., 2003; Takata et al., 2006; Kitayama et al., 2009] . These differences reflect regional patterns of eolian source, physical transport, and the water column processes involved in the cycling of iron, such as biological uptake, remineralization of biogenic matter, scavenging onto particles, and iron complexation with natural organic ligands Johnson et al., 1997a Johnson et al., , 1997b . It has recently been suggested that Fe(III) hydroxide solubility in deep water is controlled by organic Fe(III) complexation with humic-type fluorescent dissolved organic matter (humic-type FDOM), which plays an important role in regulating D-Fe in the deep water column Kitayama et al., 2009; Yamashita et al., 2010; Nakayama et al., 2011] . The Bering Sea is one of the largest marginal seas for which our understanding of the biogeochemical and physical mechanisms that regulate iron and other trace metals is still limited. There have been only a few studies on iron distributions in the Bering Sea Basin [Fujishima et al., 2001; Takata et al., 2005; Aguilar-Islas et al., 2007; Hurst et al., 2010] , the Okhotsk Sea Basin Nishioka et al., 2007] , and the Japan Sea Basin Fujita et al., 2010] . The surface circulation in the Bering Sea is a cyclonic gyre, with the southward flowing Kamchatka Current forming the western boundary current and northward flowing Bering Slope Current. The Kamchatka Current flows southward until it splits, with a portion entering the Sea of Okhotsk and the rest continuing along the Kuril Islands to join the Oyashio. The oceanic portion of the Bering Sea basin is influenced by Alaskan Stream water that enters the Bering Sea through the many passes in the Aleutian Island arc: Near Strait (sill depth approximately 2000 m), Buldir Pass (sill depth 640 m), Amchitka Pass (sill depth 1155 m) and Amukta Pass (sill depth 430 m) (Figure 1 ). These passes allow Alaskan Stream water to join with the Aleutian North Slope Current (ANSC) along the northern side of the Aleutian Islands Stabeno, 1990, Stabeno et al., 1999] .
[3] The northward transport into the Bering Sea, along with the flow through Near Strait and Amchitka Pass, is the source of the ANSC and ultimately the Bering Slope Current (BSC) [Reed and Stabeno, 1999] . Most of the transport into the Bering Sea occurs through Near Strait. The inflow into the Bering Sea is balanced by outflow through the Kamchatka Strait (sill depth approximately 4000 m) . The Kamchatka Strait is not only the location of the majority of Bering Sea outflow but also the only gateway into the Bering Sea that is deep enough (>2000 m) to permit inflow of Deep Pacific Water. Vertical sections of temperature, salinity, sigma-t, and Si(OH) 4 across the Kamchatka Strait indicate the inflow of deep water below 2500 m on the eastern side of the strait and a return flow of upper deep water (near 2500 m) on the western side of the strait [Reed et al., 1993] . The path of deep water is northeastward from the Kamchatka Strait with some return flow above 3000 m on the western side. [4] Deep water in the Bering Sea Basin is warmer, less salty, less oxygenated, and has higher concentrations of Si(OH) 4 than that in the North Pacific Ocean [Tsunogai et al., 1979; Roden, 1995 Roden, , 2000 . The bottom water slowly displaces the deep water above. At the same time, Si(OH) 4 concentrations are increased by regeneration both within the water columns and from the bottom. Model results suggest that regeneration of Si(OH) 4 from bottom sediments is much more important than that taking place in the water column, and that bottom regeneration rates are approximately four to five times those within the water columns [Coachman et al., 1999] . This is in agreement with the results of Tsunogai et al. [1979] , who reported that bottom Si(OH) 4 regeneration in the Bering Sea is four to five times that occurring in the deep water of the North Pacific. In addition, both Tsunogai et al. [1979] and Coachman et al. [1999] estimated seawater residence times of approximately 300-400 years for the deep Bering Sea.
[5] In the present study, we compared the vertical distributions of D-Fe, total soluble Fe (T-Fe), and chemical components (nutrients, apparent oxygen utilization [AOU] , and humic-type FDOM) in the deep waters of the subarctic North Pacific Ocean and the Bering Sea. Our goal was to determine the factors controlling the vertical distribution of iron on the basis of deep water circulation in the subarctic North Pacific Ocean and the semiclosed marginal Bering Sea, and the water exchange between them. E and 165 W longitude [Takata et al., , 2006 Kitayama et al., 2009] (Table 1) . AcP, Amchitka Pass; AkP, Amukta Pass; ANSC, Aleutian North Slope Current; BP, Buldir Pass; BSC, Bering Slope Current; KS, Kamchatka Strait; NS, Near Strait. latitude) and the Bering Sea (station BS1 in Bowers Basin and stations BS2 and BS3 in the central Aleutian Basin) during 7 June-1 July 2009 ( Figure 1 and Table 1 ). Samples were collected using acid-cleaned, Teflon-coated, 5-L Niskin X sampling bottles (General Oceanics) attached to a rosette multisampler along with a conductivity-temperaturedepth (CTD) probe (SBE 19plus, Inc.) . Samples were gravity filtered on deck for analysis of D-Fe by connecting an acid-cleaned 0.22 mm pore size membrane filter (Durapore cartridge type, Millipak 100; Millipore) to a sampling spigot on the Niskin bottles. Filtered samples for humic-type FDOM analysis were collected at stations NP07-1 and NP07-2 (near station NP2) in the subarctic North Pacific, and at BS07-1 and BS07-2 in the southeastern Bering Sea, during 7-20 July 2007 ( Figure 1 and Table 1 ). The samples (7-8 ml) in 10-ml acrylic tubes (Sanplatec Corp.) were immediately frozen and kept below À20 C in the dark (1-2 months) until measurement in the laboratory. The earlier works , 2005 ] used low-density polyethylene (LDPE) bottles instead of acrylic tubes in the present study. Unfiltered samples were collected for T-Fe, Chl a, and nutrient concentrations. The filtered (<0.22 mm) and unfiltered seawater samples (100 ml) used for D-Fe and T-Fe analyses, respectively, were initially collected in precleaned 125-ml LDPE bottles, which were then acidified with ultrapure grade HCl to pH 1.7-1.8 in a class 100 clean air bench in a clean room on board after collection and then allowed to stand at room temperature for at least 3 months until iron analysis in the laboratory [Bruland and Rue, 2001] . Sample treatment in the present study was the same as in our previous studies [Fujita et al., 2010; Nakayama et al., 2011; Nishimura et al., 2012] . Hydrographic observations (salinity, temperature and depth) were conducted using a CTD.
Materials and Methods

Sample Collection and Treatment
Dissolved and Total Soluble Fe
[7] Acidified iron samples were buffered at pH 3.2 with a buffer solution of 8.15 M quartz-distilled formic acid and 4.54 M ultrapure grade ammonium (0.8 ml per 100-ml sample solution) in a class 100 clean-air bench in the laboratory on shore. The iron concentrations (D-Fe and T-Fe) in buffered 0.22-mm-filtered and unfiltered samples were determined by an automated Fe analyzer (Kimoto Electric Co. Ltd.) using a combination of chelating resin concentration and luminolhydrogen peroxide chemiluminescence (CL) detection in a closed flow-through system [Obata et al., 1993] as described in our previous studies [Nakabayashi et al., 2001; Takata et al., , 2006 Takata et al., , 2008 Kitayama et al., 2009; Fujita et al., 2010; Nakayama et al., 2011; Nishimura et al., 2012] . Briefly, iron in a buffered sample was selectively collected on 8-hydroxyquinoline immobilized chelating resin and then eluted with dilute (0.3 M) HCl. The eluent was mixed successively with luminol solution, 0.6 M aqueous ammonia and 0.7 M H 2 O 2 , and then the mixture was introduced into the CL cell. Finally, the iron concentration was determined from the CL intensity. The accuracy of this analysis was checked using Sampling and Analysis of Fe (SAFe) reference materials (pH 1.7-1.8). The D-Fe in the SAFe surface (S) water and deep (D1) intercalibration waters, as determined by our analytical method in the present study after being buffered at pH 3.2, were 0.10 AE 0.01 nM (n = 6) for S and 0.70 AE 0.03 nM (n = 5) for D1, consistent with the community consensus values of 0.090 AE 0.007 nM for S and 0.67 AE 0.07 nM for D1 [Johnson, 2007; GEOTRACES {www.geotraces.org}] . 4 ) concentrations were determined using an autoanalyzer (Technicon) using CSK standard solutions for nitrate and nitrite (Wako Pure Chemical Industries, Ltd., Japan) and standard methods [Parsons et al., 1984] . The concentrations of Chl a were determined by fluorometry with a Turner Design fluorometer (model 10-AU-005) after extraction with N, N-dimethylformamide [Suzuki and Ishimaru, 1990] . Dissolved oxygen was determined on board by the Winkler titration method with potentiometric end-point using a 798 MPT Titrino analyzer (Metrohm). Apparent oxygen utilization (AOU) was calculated by subtracting the measured oxygen content from the dissolved oxygen saturation [Hansen, 1999] .
[9] Humic-type FDOM was quantified by humic-type fluorescence intensity (humic F-intensity) as reported in our previous studies Takata et al., , 2005 Kitayama et al., 2009; Fujita et al., 2010] . The frozen 0.22 mm filtered samples in acrylic tubes were thawed and warmed overnight to room temperature in the dark, and then the humic F-intensity was measured in a 1-cm quartz cell by using an Hitachi F-2000 fluorescence spectrophotometer at 320 nm excitation (Ex) and 420 nm emission (Em) with 10-nm bandwidths Hayase and Shinozuka, 1995] . Fluorescence intensity was expressed in terms of quinine sulfate units (1 QSU = 1 ppb quinine sulfate in 0.05 M H 2 SO 4 , excitation 320 nm, emission 420 nm; Mopper and Schultz [1993] ) and then converted to the unified scale of fluorescence Raman units at an excitation wavelength of 350 nm (RU 350 ) by the equation RU 350 = QSU 320/420 Â 0.012 [Lawaetz and Stedmon, 2009; Heller et al., 2012] . The vertical distributions and levels of humic F-intensity in the subarctic North Pacific in the present study were very similar to those in the northern North Pacific in the previous study , which were measured after thawing the frozen 0.22 mm filtered samples in precleaned LDPE bottles.
Results
Physical Characteristics of the Subarctic North Pacific and the Bering Sea Water Column
[10] In the surface mixed layer (<20-40 m depth), the depth of which was estimated using temperature and density data, potential temperatures and salinities at stations NP1-NP4 in the subarctic North Pacific (6-10 C and 32.7-33.3, respectively) were similar to those at stations BS1-BS3 in the Bering Sea (6-7 C and 33.1-33.2; Figure 2 ). However, the surface salinity at station NP1 (33.3), located in the center of the western subarctic gyre, was relatively higher than those at the other subarctic North Pacific stations (32.7-32.9). The water temperatures at stations NP1, NP3, and NP4 in the subarctic North Pacific rapidly decrease below the surface mixed layer and then gradually decreased caused by the cooling of surface water in autumn and winter, and the warming of surface water in spring and summer. The lower temperature water, which is formed in the winter mixed layer, remains in the subsurface in the warming season [Miura et al., 2002] . The temperature minimum layer is a characteristic feature of the North Pacific subarctic gyre and is particularly evident in the Bering Sea region [Luchin et al., 1999; Miura et al., 2002] . This layer overlies the strong halocline around 150-300 m depth in the Bering Sea ( Figure 2b ). Salinity at all stations in the subarctic North Pacific and the Bering Sea increased with depth (Figures 2b and 2d).
Iron and Other Biochemical Components in Surface Water of the Subarctic North Pacific and the Bering Sea
[11] In the surface mixed layer at all stations of the subarctic North Pacific (NP1-NP4) and stations BS1 and BS2 in the Bering Sea, macronutrient concentrations were high, within 14-18 mM for NO 3 + NO 2 , 1.4-1.8 mM for PO 4 , and 14-29 mM for Si(OH) 4 (Figure 3a-3c ). However, the Si (OH) 4 concentration at station BS3 in the Bering Sea (1.4-2.0 mM) was one order of magnitude lower than those at other stations, whereas NO 3 + NO 2 and PO 4 concentrations were almost the same as those at other stations (Figure 3a-3c) . Table 1 ).
In the surface mixed layer, Chl a concentrations were relatively high (2.9-4.3 mg L À1 ) at stations BS1 and BS3 in the Bering Sea and relatively low (0.4-1.4 mg L
À1
) at all stations of the subarctic North Pacific and at station BS2 in the Bering Sea (Figure 3d ). Below the surface mixed layer, macronutrient concentrations in the subarctic North Pacific gradually increased with depth, whereas those in the Bering Sea rapidly increased with depth ( Figure 3a-3c ).
[12] Dissolved Fe concentrations in the surface mixed layer were relatively low, ranging from 0.1 to 0.3 nM at the subarctic North Pacific stations ( Figure 3e ) and from 0.1 to 0.2 nM at the Bering Sea stations (Figure 3f ). The D-Fe concentrations in the surface mixed layer at stations NP2 and NP3 in the subarctic North Pacific (0.11-0.14 nM) and at stations BS1 and BS3 in the Bering Sea (0.10-0.16 nM) were lower than those at other stations. D-Fe in the surface water below the surface mixed layer tended to increase gradually with depth at all stations, except at station NP1, located in the center of the western subarctic gyre, where concentrations were consistently high throughout the surface water, ranging from 0.4 to 0.55 nM at 25-100 m (Figure 3e ).
[13] Total Fe concentrations in the surface mixed layer were high, 0.3-0.7 nM, at the subarctic North Pacific stations and within a wide range of 0.2-1.2 nM at the Bering Sea stations (Figure 3g ). The minimum values for T-Fe in the surface water were at 30-50 m depth at each Bering Sea station (0.4 nM at station BS1, 0.2 nM at BS2, and 0.7 nM at BS3, Figure 3g ). The T-Fe below the surface mixed layer at the subarctic North Pacific stations increased gradually with depth to 1.1-1.5 nM at 300 m depth, whereas those at the Bering Sea stations tended to increase rapidly with depth to 1.8-2.8 nM at 300 m depth.
Iron and Other Chemical Components in the Deep Water of the Subarctic North Pacific and the Bering Sea
[14] At all stations in the subarctic North Pacific, the macronutrients except for Si(OH) 4 , AOU, and humic F-intensity were generally low at the surface, high from 500 m to 1500 m, and decreased gradually in the deeper water below 1500 m ( Figure 4 ). The vertical distributions and concentration of NO 3 + NO 2 in the deep waters of the Bering Sea were almost the same as those in the subarctic North Pacific (Figure 4a ), whereas those of PO 4 , Si(OH) 4 , AOU, and humic F-intensity in the deeper water below 1500-2000 m in the Bering Sea were higher than those of the subarctic North Pacific (Figure 4b [15] At the western stations along 47 N latitude in the subarctic North Pacific (NP1 and NP2), D-Fe concentrations were generally high in intermediate water (1.3-1.6 nM at NP1 and 1.2-1.4 nM at NP2), and then decreased with depth to around 1.1 nM at NP1 and increased slightly with depth to around 1.4 nM at NP2 for deep water below 3500-4000 m (Figure 5a and 5b). However, D-Fe concentrations at the eastern stations (NP3 and NP4, Figure 5c and 5d) were lower in intermediate water (1.0-1.2 nM at NP3, 0.9-1.1 nM at NP4) and deep water below 4000 m (0.7-0.9 nM at NP3, 0.6-0.7 nM at NP4) than those at the western stations (NP1 and NP2). The D-Fe Table 1 ) and the Bering Sea (solid symbols, stations BS07-1 and BS07-2 in Figure 1 and Table 1 ). , respectively [Odate, 1996; Shiomoto et al., 2002; Takata et al., 2005] . Previously Takata et al. (Figures 3a-3c) , in the surface mixed layer (<20-40 m) of the subarctic North Pacific and the Bering Sea, probably resulting from effective biological uptake of atmospheric or laterally advected iron in the surface waters. However, we observed high Chl a concentrations (2-4.2 mg L -1 , Figure 3d ) and relatively high T-Fe (0.7-1.2 nM, Figure 3g ) in the surface mixed layer at stations BS1 and BS3 and remarkably low Si(OH) 4 concentrations (1.5-2 mM, Figure 3c ) at station BS3 in late June and early July 2009. The high Chl a and high T-Fe concentrations in the surface mixed layer at stations BS1 and BS3 might be due to the unusually late spring phytoplankton bloom in 2009 or to a sporadic iron supply. The low Chl a and low T-Fe concentrations at station BS2, located in the centre of the basin gyre, could be due to a reduced iron supply from the shallower part of the basin.
[19] At 50-150 m, below the surface mixed layer, the higher macronutrient concentrations in the Bering Sea compared to the subarctic North Pacific (Figure 3a-3c ) are likely associated with the cold intermediate layer in the Bering Sea and probably result from the upward transport of nutrients during vertical mixing by cooling of the water in autumn and winter [Miura et al., 2002] . In surface waters below the surface mixed layer, D-Fe and T-Fe in the subarctic North Pacific and the Bering Sea increased rapidly with depth to relatively high and variable values (Figure 3e-3g) . These rapid increases in D-Fe and T-Fe with depth and the iron concentrations measured in the present study are consistent with those from our previous studies in the western North Pacific (stations NP04-1, NP04-2, and NP04-3 at 41 N-47 N along 165 E longitude) and at a higher latitude in the central North Pacific (station NP04-4 at 50 N, 165 W; Figure 1 ) [Takata et al., 2006; Kitayama et al., 2009] . However, the iron concentrations in surface waters in the present study were higher than those at lower (29 N and 35 N, 165 W) and midlatitudes (NP04-5 and NP04-6 at 41 N-45 30 0 N along 165 W longitude; Figure 1 ) in the central North Pacific [Takata et al., 2006; Kitayama et al., 2009] . In particular, we observed relatively high T-Fe in the surface waters (including the surface mixed layer) at stations BS1 and BS3 and a subsurface T-Fe maximum value (1.8 nM) at 100 m at BS3 (Figures 3g and 6c) . The relatively high and variable iron concentrations in the surface waters may be due to lateral transport of iron-rich water from the Alaskan Stream to higher latitudes of the central North Pacific (station NP04-4 at 50 N, 165 W; Figure 1 ; Takata et al. [2006] ) and northward inflows of the Alaskan Stream through various passes to the ANSC [Reed and Stabeno, 1990] and from the continental shelf region in the eastern N (stations NP1-NP4) in the present study were almost the same as those in the western North Pacific (stations NP04-1, NP04-2, and NP04-3) and the central high-latitude North Pacific (station NP04-4) regions in our previous studies [Takata et al., 2006; Kitayama et al., 2009] (Figure 1 ). However, they were 2-5 times those in the central low (Figure 7a ). The D-Fe inventories at stations BS1-BS3 were approximately 25 AE 7% of T-Fe and were very similar to those in the subarctic North Pacific (stations NP1-NP4), whereas the T-Fe inventories at BS1 and BS3 were approximately double those at BS2 and in the subarctic North Pacific. The high T-Fe inventories at stations BS1 and BS3 are probably due to the lateral transport of iron-rich water from the ANSC and BSC, respectively, rather than aeolian iron input. In a previous study [Fujita et al., 2010] , we observed notably higher T-Fe inventories in the surface water of the semienclosed Japan Sea at locations close to the western Japanese coast than in the central Japan Sea, resulting from the subsurface supply of iron remobilized or resuspended from continental shelf sediments [Johnson et al., 1999; Elrod et al., 2004; Lam and Bishop, 2008] .
[22] Because iron is preferentially scavenged from the water column during the mineralization cycle, upwelled oceanic water is relatively deficient in iron compared to nitrogen species. Upwelling and vertical mixing will bring water with high N:D-Fe ratio (>30,000:1) to the surface . Therefore, surface waters require additional iron input to reestablish the biologically required N/D-Fe balance. We calculated the C:Fe ratios in phytoplankton (2.4-2.9 Â 10 Redfield et al. [1963] ). Therefore, we used 30,000-45,000:1 as a maximum stoichiometric N/D-Fe mole ratio that allows the complete consumption of N; this ratio was calculated by assuming a limiting C/Fe ratio in phytoplankton of 2-3 Â 10 5 :1 [this study ; Takeda, 2011] and a C/N ratio of 6.7:1. In the present study, we found N/D-Fe ratio >40,000:1 in the upper 50 m of surface waters in the subarctic North Pacific and Bering Sea (40,000-55,000:1 at NP1, 50,000-150,000:1 at NP2-NP4, and 85,000-250,000:1 at BS1-BS3) (Figures 3a, 3e , and 3f, and 8), implying that the surface waters are iron-limited Measures et al., 2005] . Iron input into the surface waters of the Bering Sea is therefore insufficient to allow the consumption of the entire nitrate + nitrite pool, although we measured relatively higher surface Chl a and T-Fe at stations BS1 and BS2 (Figure 3 ).
[23] In mid-depth waters (200-500 m) in the study area, the similarities between vertical profiles of nutrient concentrations, AOU, humic F-intensity, D-Fe, and T-Fe (Figures 3-6 ) suggest that they are controlled by similar biogeochemical and physical processes. The increases in D-Fe and T-Fe with depth are strongly related to the remineralization of sinking particulate organic matter, as is AOU, humic-type FDOM, and the regeneration of nutrients. In our previous studies [Takata et al., 2006; Kitayama et al., 2009] , we reported that the northwardly increasing trends in D-Fe, T-Fe, and nutrient concentrations in mid-depth waters of the western and central North Pacific are due to the effect of northward upwelling and the higher biological productivity and degradation of particulate organic matter at higher latitude. In addition, the more rapid increases in D-Fe and T-Fe with depth and their higher concentrations in mid-depth waters of the Bering Sea than in the subarctic North Pacific (Figures 5 and 6 ) probably result from higher biological productivity in the Bering Sea region. Long-term observations from time series sediment traps in the Aleutian Basin of the Bering Sea (53 30 0 N, 177 W; Figure 1 ) and the central subarctic North Pacific (49 N, 174 W) have shown that total mass fluxes consist primarily of biogenic phases, and diatom fluxes in the Bering Sea were approximately double those in the subarctic North Pacific because of the higher biological productivity in the Bering Sea [Takahashi et al., 2000 [Takahashi et al., , 2002 . [25] In this study, profiles of NO 3 + NO 2 , D-Fe, and T-Fe versus potential density (s θ ) in the subarctic North Pacific commonly showed strong gradients in the s θ range of 26.5-27.3 (Figure 9d-9f) . The NO 3 + NO 2 concentrations had almost the same maxima within a narrow s θ range of 27.3-27.5 (Figure 9d) . However, the D-Fe and T-Fe maxima appeared at higher s θ (27.4-27.7) and were somewhat scattered with an eastward decrease (Figure 9e and 9f) . In deep waters of the subarctic North Pacific, there are large differences between stations (NP1-NP4 along 47 N) in D-Fe and T-Fe, but nutrient concentrations and AOU varied little (Figures 4, 5 and 9 ). This suggests that iron concentrations respond on a shorter time scale than nutrients or AOU. The nutrient and iron depth profiles appeared more decoupled in the deeper waters, suggesting iron removal by particle scavenging.
Iron and Other Chemical Components in the Deep
[ Nishioka et al. [2001 Nishioka et al. [ , 2003 ). The higher iron concentrations in the western than the central and eastern North Pacific reflect the regional patterns of eolian source, physical transport, and the water column processes involved in the cycling of iron, such as biological uptake, remineralization of biogenic matter, scavenging onto particles, and Fe(III) hydroxide solubility, which is controlled by iron complexation with natural organic ligands [Rue and Bruland, 1995; Kuma et al., 1996 Kuma et al., , 2003 Croot and Johansson, 2000; Tani et al., 2003; Kitayama et al., 2009; Boyd and Ellwood, 2010; Gledhill and Buck, 2012] . Therefore, the characteristic trend of eastwardly decreasing iron inventory in the water column ( Figure 7b ) and iron concentrations with eastwardly shallower D-Fe maxima and deeper T-Fe maxima (Figures 5 and 9) probably results from the higher input of dissolved Fe in the western region because of higher atmospheric or lateral iron inputs. The eastward decrease in D-Fe, T-Fe, and P-Fe in the deep water of the subarctic North Pacific may be due to the removal of colloidal Fe (including in D-Fe, i.e., the <0.22 mm fraction) as well as particulate Fe (>0.22 mm fraction) by particle scavenging during the eastward transport of deep water [Bergquist et al., 2007; Kitayama et al., 2009] . However, the time scales of the water mass flow and scavenging of the colloidal Fe fraction are still unknown.
[27] In near-bottom waters at stations NP1, NP3, and NP 4, the trend of increasing T-Fe with depth (Figures 5a, 5c and 5d) is probably due to the resuspension of sediments from the seafloor. Previous studies observed this increasing trend over a wide area of the North Pacific [Ezoe et al., 2004; Takata et al., 2005; Kitayama et al., 2009] , although D-Fe in deep and bottom waters gradually decreased with depth and followed the trend of eastward decrease.
Chemical Components in the Deep Water of the Bering Sea
[28] There were no differences in the vertical distributions or levels of NO 3 + NO 2 , PO 4 , Si(OH) 4 , AOU, and humic F-intensity in the intermediate and deep waters of the Bering Sea (Figure 4) . However, concentrations of PO 4 and Si(OH) 4 , AOU, and humic F-intensity in waters deeper than 1500-2000 m in the Bering Sea were clearly higher than those in the subarctic North Pacific (Figures 4b-4e) , although there was no difference in the NO 3 + NO 2 concentrations between the subarctic North Pacific and the Bering Sea in the deep waters below 1500-2000 m depth (Figure 4a) . Similarly, profiles of PO 4 , Si(OH) 4 , AOU, and humic F-intensity against s θ also showed that at s θ ≥ 27.5 (below 1500 m depth), levels in the Bering Sea were clearly higher than those in the subarctic North Pacific (data not shown), whereas NO 3 + NO 2 concentrations were almost the same (Figure 9d ). The differences between PO 4 , Si(OH) 4 , AOU, and humic F-intensity in waters deeper than 1500-2000 m in the subarctic North Pacific and the Bering Sea increase with depth up to 3500 m, near bottom. These differences in deep water are due to the high biological productivity and high nutrient regeneration rates in the Bering Sea [Saino et al., 1979; Tsunogai et al., 1979] . Humic-type FDOM is produced in the water column by the oxidation and remineralization of settling organic particles and is destroyed by photochemical degradation in the surface waters Chen and Bada, 1992] . In deep water below 500 m, the slopes of the relationships between NO 3 + NO 2 concentration and AOU and between NO 3 + NO 2 and PO 4 concentrations (i.e., the [NO 3 + NO 2 ]/[PO 4 ] ratio) in the Bering Sea are notably steeper than those in the subarctic North Pacific (Figures 10a and 10b) . However, there is no clear difference in the two oceanic regions between the slopes of the relationship between PO 4 concentrations and AOU in deep waters (Figure 10c ).
[29] Although there have been a number of studies of sedimentary denitrification on the Bering Sea shelf [e.g., Hirota et al., 2009; Mordy et al., 2010; Granger et al., 2011] , a few studies have confirmed an apparent nitrate deficiency in the deep Bering Sea based on normalization to phosphate [Broecker and Peng, 1982; Lehmann et al., 2005; Granger et al., 2011] , similar to our observations. Benthic denitrification has been suggested as the dominant cause for this nitrate deficiency [Tsunogai et al., 1979; Broecker and Peng, 1982] . Although we did not measure ammonium in the present study, Lehmann et al. [2005] reported that ammonium in the deep Bering Sea was always close to detection limits as measured onboard with a phenolhypochlorite protocol. In the present study, we found [NO 3 [Gruber and Samiento, 1997; Yoshikawa et al., 2006] . Generally, negative N* in the ocean interior indicates a net loss of nitrate, most likely due to denitrification. Consistent with earlier work [Lehmann et al., 2005; Granger et al., 2011] , a very low N* (À6 to À9 mM in this study) was observed in the deeper waters below 1500 m in the Bering Sea Basin, while the low N* was not observed in the deep subarctic North Pacific (Figure 11a) . Lehmann et al. [2005] have reported that the elevated average sediment denitrification rate of the deep Bering Sea is driven by organic matter supply to the base of the continental slope, owing to a combination of high primary productivity in the surface waters along the shelf break and efficient downslope sediment focusing along the steep continental slopes that characterize the Bering Sea. (Figures 9e and 9f) show strong gradients in the s θ range from 26.5 to 27.6 and maxima at nearly the same s θ of 27.6-27.7.
[31] The iron concentrations and distributions with depth observed in the present study are similar to those found in the southeastern Aleutian Basin (station BS07-1 at 53 30 0 N, 177 W; Figure 1 ) in our previous study , but are generally higher than those in the subarctic North Pacific (station NP1-NP4, Figures 9a and 9b ) and those previously measured in the western North Pacific [Takata et al., 2006; Kitayama et al., 2009] . The characteristic depth regime (higher iron concentrations and deeper D-Fe maximum at 1500-2250 m) and higher iron inventory in the water column of the Bering Sea as compared with the North Pacific ( Figures 5, 6 , and 7b) are probably due to the higher biological productivity in surface water and the higher and deeper recycled D-Fe from the decomposition of sinking particulate organic matter in deep water. The high biological productivity in surface water of the Bering Sea can be attributed to iron input from the surrounding shelves and the passes in the Aleutian Island arc.
[32] The differences between D-Fe and T-Fe as well as PO 4 , Si(OH) 4 , AOU, and humic F-intensity in the subarctic North Pacific and the Bering Sea deep waters (Figures 4-6 , and 9) are probably due to the semiclosed nature of the Bering Sea, which severely restricts waters exchange with the neighboring Pacific Ocean. Most of the transport into the Bering Sea occurs through Near Strait with a sill depth of approximately 2000 m, and the Bering Sea inflow is balanced by outflow through the Kamchatka Strait with a sill depth of approximately 4000 m; the majority of the outflow from the Bering Sea to the subarctic North Pacific occurs through the Kamchatka Strait. In addition, the Kamchatka Strait is the only conduit into the Bering Sea that is deep enough (>2000 m) to permit inflow of Deep Pacific Water [Reed et al., 1993; Stabeno et al., 1999] . Deep water exchange with the adjacent subarctic North Pacific probably occurs at a low rate, resulting in hydraulic residence times of approximately 300-400 years for the deep Bering Sea [Tsunogai et al., 1979; Coachman et al., 1999] . It is likely that the rate of Bering Sea deep water exchange (below around 1500-2000 m) is substantially lower than that for the water above, although few data are available on deep circulation in the Bering Sea. Therefore, the observations that the depth regime of D-Fe is almost the same throughout Bering Sea deep waters and that the Bering Sea has higher and deeper inputs of D-Fe (maximum values of 1.6-1.7 nM at 1500-2250 m depth) as well as PO 4 and humic F-intensity than the subarctic North Pacific deep waters can probably be explained by a longer accumulation time for decomposition or transformation products by high-productivity surface waters and inordinately slow replacement of deep basin waters. In addition, we found a relatively significant relationship between D-Fe and N* in deep waters below 1500 m in the Bering Sea Basin and the subarctic North Pacific (Figure 11b) , resulting in the increase in D-Fe with decreasing N* (Figure 11b ). It may be suggested that the excess D-Fe in the Bering Sea deep waters is supplied from the organic-rich downslope sediment focusing along the steep continental slopes that characterize the Bering Sea [Lehmann et al., 2005] .
[33] In Bering Sea bottom water from 3500 to 3700 m, we observed rapid decreases with depth in T-Fe and P-Fe as well as Si(OH) 4 concentrations (Figures 4, 6c, 6 , and 9), probably resulting from bottom water renewal. A previous study in the Bering Sea suggested that rapidly decreasing Si(OH) 4 and increasing oxygen with depth in bottom water indicated that bottom water was more recently exposed to the ocean surface than the water above [Coachman et al., 1999] . The source for Bering Sea bottom water below about 3500 m is North Pacific water from depths around 3500-4000 m, which enters through the sill-less Kamchatka Strait and flows sequentially through the Kamchatka Basin into the Bowers and Aleutian Basins. The bottom water renewal slowly displaces upward the deep water layers; the water is ultimately removed from the Bering Sea by circulation as depths <2000 m [Coachman et al., 1999] .
18.833 Â humic F-intensity [RU 350 ] À 0.045; R = 0.78, n = 14; Kitayama et al. [2009] ) and the vertical distributions of humic F-intensity in the subarctic North Pacific (stations NP07-1 and NP07-2) and the Bering Sea (stations BS07-1 and BS07-2) (Figure 4e [Bergquist et al., 2007] . The high dissolved Fe and colloidal Fe in deep oceanic waters is likely due to high iron input and remineralization of Fe-replete sinking organic matter under high productivity regions.
[37] The surface circulation in the Bering Sea Basin is a cyclonic gyre that includes the southward flowing Kamchatka Current (Figure 1 ), which flows southward along the Kuril Islands and contributes to the Oyashio. The flow in the upper 1500 m is dominated by the southward flowing Kamchatka Current on the western side of the Kamchatka Strait, which is the location of the majority of Bering Sea outflow [Stabeno and Reed, 1994] . Furthermore, high concentrations of Si(OH) 4 between 2000 m and 3000 m depths on the western side of the Kamchatka Strait suggest a southward flow of deep Bering Sea water beneath the Kamchatka Current [Reed et al., 1993] . Therefore, the distributions of iron and nutrients in the water column of the subarctic northwestern North Pacific, and particularly in the Oyashio region, are probably reflected by their high concentrations in the Bering Sea Basin.
